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Tomographic Measurement
- of Local Cerebral Glucose
Metabolic Rate in Humans with
(F-18)2-Fluoro-2-Deoxy-D-Glucose:
Validation of Method

M. E, Phelps, PhD, S. C. Huang, DSc, E. J. Hoffman, PhD, C. Selin, MS,
L. Sokoloff, MD, and D. E. Kuhl, MD

Tracer techniques and quantitative autoradiographic and tissue counting models for measurement of metabolic
rates were combined with positron computed tomography (PCT) and (F-18)2-fluoro-2-deoxy-D-glucose (FDG) for the
measurement of local cerebral metabolic rate for glucose (LCMRGIc¢) in humans. A three-compartment model, which
incorporates hydrolysis of FDG-6-PO, to FDG, was developed for the measure of kinetic constants and calculation of
LCMRGIc. Our model is an extension of that developed by Sokoloff et al. Although small, hydrolysis of FDG-6-PO,
was found to be significant. A PCT system, the ECAT, was used to determine the rate constants, lumped constant,
and stability of the model in human beings. The data indicate that cerebral FDG-6-PO, in humans increases for
about 90 minutes, plateaus, and then slowly decreases. After 10 minutes, cerebral blood FDG activity levels were
found to be a minor fraction of tissue activity. Precursor pool rurnover rate, distribution volumes, and red blood
cell-plasma concentration ratios were determined. Reproducibility (precision) of LCMRGIc measurements (~2 cm?
regions) was = 5.59% over a 5-hour period. The replacement of arterial blood sampling with venous sampling was

validated.
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Quantitative autoradiography and tissue counting
techniques used with compounds labeled with
radioactive isotopes have been a source of much of
the present knowledge of physiological processes.
We have combined the principles of these techniques
with positron computed tomography (PCT) [36] to
perform the equivalent of quantitative autoradiog-
raphy in vivo. We call this method physiological to-
mography (PT) [39, 41]. The objective of PT is to use
the tracer method in human beings and animals for in
vivo study of physiological processes.

PT requires: (1) labeled compounds which not
only trace a physiological process but also behave in
such a manner that they can be analytically modeled,
(2) physiological models that are appropriately for-
mulated and validated to derive physiological vari-
ables of interest from PCT data, and (3) an imaging
system that is capable of performing quantitative

measurements of tissue radioactivity concentrations
and is also well characterized in terms of resolution,
sensitivity, and signal-to-noise ratios in the image.
Here we describe the development and validation
of the PT approach to the measurement of local
cerebral metabolic rate for glucose (CMRGIc) with
(F-18)2-fluoro-2-deoxy-D-glucose (FDG) in humans.

The model for this rechnique is based upon the
autoradiographic model for measurement of local
CMRGIc with (C-14)deoxyglucose (DG) developed
by Sokoloff et al [53). After Ido and co-workers [24]
developed a synthesis for FDG, Reivich [48, 49],
Kuh!l [28], and Phelps [39] and their associates
applied Sokoloff's model with emission computed
tomography (ECT) to the measurement of CMRGlc
with FDG in human volunteers. Kuhl et al [29, 30]
have also used FDG and PCT to study patients with
stroke and epilepsy. A model for the in vivo mea-
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surement of CMRGlc developed by Raichle et al [46]
with (C-11)glucose has been used with a single-
detector technique [46] and with PCT [47] to mea-
sure global CMRGlc in the rhesus monkey. Although
this method has been utilized only for whole-brain
measurements of CMRGlI, it should also be applica-
ble to regional measurements with PCT.

DG and FDG are glucose analogs which compete
with glucose for facilitated transport sites and with
hexokinase for phosphorylation to DG- or FDG-6-
phosphate. An advancage of this analog over labeled
glucose is that the end-product of phosphorylation
(DG- or FDG-6-PO,) is trapped in the tissue and
released with a very slow clearance. This is because
DG- or FDG-6-PO, cannot be metabolized further
{531, DG- or FDG-6-PO, has a low membrane per-
meability, and glucose-G-phosphatase (which can
hydrolyze the 6-PO, form to DG or FDG) exhibits
low activity levels in brain [20, 21, 44, 45]. This trap-
ping mechanism provides an excellent means for de-
velopment and application of analytical models for
the measurement of CMRGIc with PCT. -~

Like DG, FDG has been shown by Bessell et al {5]
and Reivich et al [48, 49] to be a good substrate

for yeast hexokinase, and FDG-6-PQO, has been
identified as the end-product of cerebral metabolism

in the mouse by Gallagher et al [12]. FDG has been
observed to concentrate in the brain of rat, mouse,
and dog [11, 12], man [28, 30, 39, 43, 48, 49} and
dog, monkey, and man [42]. Gallagher et al [12] have
shown that FDG is rapidly converted to FDG-6-PO,
in mouse brain and that the total radioactivity re-
mains reasonably constant for about an hour, then
slowly decreases. Phelps et al [42, 43] have observed
in humans thar after injection of FDG, the brain F-18
activity level steadily increases for about 115 hours
and then slowly decreases. Reivich et al [48, 49] and
Kuh! et al [28] used the model of Sokoloff et al {53]
with the rate constants for DG in rats to measure the
local CMRGlc in 2 human volunteers by ECT. Their
measured values of CMRGIc for whole brain are in
good agreement with published values obtained by
the Fick method in humans, and their local values are
in conformity with measurements in corresponding
structures of the brain of the rhesus monkey [49].

" All these data indicate that FDG is a suitable glu-
cose analog for measuring CMRGlc. However, no
one has yet measured the rate constants and lumped
constant (LC) for FDG in any animal, and DG values
are known only for the rat [53] and monkey [26].
Studies have not yet been carried out to determine
the rate of hydrolysis of FDG-6-PO, to FDG, and, if
it is significant, to incorporate this process into the
compartmental model. The reproducibility of re-
ported measurements and precision of the FDG

method for measuring CMRGIc also have not been
determined.

Recently, Hawkins and Miller [19] have challenged
whether DG, as applied by Sokoloff et al [53], can be
used for the quantitative measure of CMRGIc and
assert that Sokoloff’s model is not quantitative be-
cause DG-6-PQ, is rapidly hydrolyzed to DG that
clears from the tissue. This would be consistent wich
low values of CMRGIc with the DG method; how-
ever, the values obtained with this model are at least
as high as the values expected from measurements of
the brain as a whole [53].

In this work we have used a three-compartment
model developed in our laboratory by Huang et
al [23] and the ECAT positron tomograph [40]
(ORTEC, Inc, Life Sciences Division, Oak Ridge,
TN) to measure the rate constants of the model for
FDG in humans. Our three-compartment model for
CMRGlc includes hydrolysis of FDG-6-PO, 1o FDG
and is an extension of the Sokoloff model. We have
estimated the LC of FDG and have measured the
stability and precision of the tomographic measure-
ment of local CMRGIc from O to 5 hours after injec-
tion. The time courses of free FDG in plasma and
tissue and FDG-6-PO, in rissue have been examined
along with the ratio of red blood cell to plasma activ-
ity in humans. Studies in dog, monkey, and man were
performed to investigate the replacement of arterial
blood sampling employed by Sokoloff et al {53] and
Reivich et al [48, 49] by venous sampling of a rest-
ing arm or hand. Venous sampling has been further
studied by sampling blood from a hand heated to
about 44°C to “arterialize” the venous blood. Studies
were also carried out to determine how well this
technique can delineate the internal substructures of
the brain.

The model has been incorporated into the system
software of the ECAT and a protocol established to
allow this PT technique to be used in an auromated
manner by a nuclear medicine technician in a re-
search or clinical environment.

Material and Methods

Preparation of FDG

FDG with specific activities of 20 to 30 mCi per milligram
was synthesized by the method of 1do and colleagues [24,
50]. The radiochemical purity, as assayed by high-pressure
liquid chromatography, was greater than 95%%; the remain-
der was determined by thin-layer chromatography to be
deoxymannose. Doses for patients (usually 5 to 10 mCi, or
~0.25 mg) were sterile and pyrogen free.

Animal Preparations

Eight dogs and 2 rhesus monkeys were lightly anesthetized
with sodium pentobarbital (25 mg per kilogram of body
weight), and catheters were placed in the femoral artery for
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blood sampling and in two leg veins for blood sampling and
injection of FDG. Supplemental doses of sodium pen-
tobarbital were given as needed.

Human Studies

Under local anesthesia, an arterial catheter was placed in a
brachial artery for blood sampling in 12 volunteers. A 23-
gauge needle was placed in an arm or hand vein of each arm
for injection of FDG and blood sampling. In some of the
studies, venous blood was drawn from the vein of a hand
heated to 44°C in a hot-water glove box to arterialize ve-
nous blood for comparison to arterial sampling. In the re-
maining subjects, FDG was injected intravenously and
blood was sampled only from a vein of the heated hand of
the opposite arm. Studies were performed under informed
consent, and all procedures accorded with the UCLA
School of Medicine Human Use Committee.

Blood Sampling, Analysis, and Counting

Concurrent with 2 30-second to 1-minute intravenous in-
jection of FDG, 2 ml samples of arterial or venous blood,
or both, were taken every 10 to 15 seconds for the first
115 to 2 minutes, with sample intervals progressively
lengthened. Samples were immediately put on ice and sub-
sequently centrifuged to separate plasma for the determi-
nation of plasma glucose and FDG concentrations. Before
injection of FDG and throughout the study, blood samples
were also taken for measurement of pH, blood gases, and
hemartocrit. Plasma glucose concentrations were deter-
mined by standard enzymatic techniques in duplicate.
Blood gases (CO, and O.) and pH were determined by
standard clinical laboratory techniques.

The precision of the plasma glucose analysis was derer-
mined by analyses of three different sets of 30 samples run
in either duplicate or triplicate. The average standard de-
viation from the mean (99.6 mg/dl) was = 2.1. The plasma
concentration of FDG was determined by counting a
known volume determined with analytical pipettes (*
0.5% accuracy as determined by comparison to sample
weights) or by weighing.

Imaging

All PCT images were obtained with the ECAT, a positron
imaging system developed by Phelps and Hoffman [36, 40,
41] and capable of providing quantitative tomographic and
two-dimensional images. The video display system, in
conjunction with the joy stick and utility sofrware of the
system, was used for dara analysis.

Images from subjects were obtained at multiple levels
when concentrations of radioactivity in whole brain were
required. Images from a single slice were taken as a func-
tion of time for determinarion of the kineric rate constants
and to measure the stability and precision of the CMRGlc
calculation.

The ECAT was calibrated by imaging a uniform cylinder
of positron activity (F-18) from which a known volume of
radioactivity was taken for counting in a Nal(Tl) well
counter under the same conditions as the blood samples.
This provides a calibration factor berween the ECAT and

the well counter for determination of absolute metabolic
rates. This calibration factor, f, is equal to:

(c/sec)(uCi/cm?)~! (in ECAT image)
(c/sec)(uCi/ml)! (in well counter)

03]

The medium-resolution mode of the ECAT was used in
these studies, with a measured resolution of 1.3 cm full-
width half-maximum (FWHM) of a line source in the plane
and 1.9 cm FWHM in the axial direction {40]. The ECAT
has been well characterized in terms of resolution, effi-
ciency, scatter and random coincidence fractions, count
rate linearity, and recovery of tissue concentrations as a
function of object size [22, 40].

Metabolic Model
Abbreviations and symbols used are shown on page 374.
The model utilized in this work is an extension of the
(C-14) DG model developed by Sokoloff et al [53] for
autoradiography. v

This model assumes three compartments, viz, a blood
compartment, a compartment for metabolic precursors
(glucose, FDG) in tissue, and a compartment for metabolic
products (glucose-6-PO, and FDG-6-PQ,) in tissue, as
shown in Figure 1. These three compartments are referred
to as compartments 1, 2, and 3, respectively. The boundary
between compartments 1 and 2 is the capillary membrane.
That between compartments 2 and 3 is not a physical bar-
rier but a phosphorylation reaction catalyzed by
hexokinase. The rate of transfer of FDG across cell mem-
branes has been shown not to be rate limiting [1, 32] as
compared to the rate of its phosphorylation within cells by
hexokinase. Thus the cell membranes can be disregarded
(or capillary and cell membranes can be thought of as one)
in the form of the operational model equation of Sokoloff
et al [53]. In this model, if DG-6-PQ, is trapped in com-
partment 3, its concentration is directly related to
CMRGiIc. The form of the equation used by Sokoloff et al
to calculare CMRGlc is given by:

T
CP[ 1) - k.;e-(k§+k5rrJ; C;(t)e(k§+k5)\dt]
CMRGIc =

T T
LC[J; Ci(t)dt — e—‘kéﬂ:;"'.‘; C;(t)e(k-§+k§ndt]

(2)

where the mean capillary plasma concentrations of glucose,
Cp, and FDG, C§(t), have been approximated by arterial
values by both Sokoloff et al [53] and Reivich et al [48, 49].
LC is given by:

AVIK
LC = —"—- (3)
dVaKa
Sokoloff’s model assumes that once FDG is phosphory-
lated by hexokinase to FDG-6-PO,, it is not cleared to any
grear degree during the time of the study because the ac-
tivity of phosphatase, which hydrolyzes FDG-6-PO; w0
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CMRGlc Cerebral metabolic rate for glucose

LCMRGIc  Local CMRGIc

DG 2-Deoxy-D-glucose

FDG (F-18)2-fluoro-2-deoxy-D-glucose

* Superscript asterisk denotes symbols
which apply to FDG; symbols without
asterisk apply to glucose

® Denotes operation of convolution

1, k2 First-order rate constants for FDG

forward and reverse capillary mem-
brane transport, respectively (Fig 1)

3.kt First-order rate comstants for phos-
phorylation of FDG and dephos-
phorylation of FDG-6-PO,, respec-
tively (Fig 1)

LC Lumped constant: ratio of arterioven-
ous extraction fraction of FDG to that
of glucose under steady-state condi-
tions and when kZ is small

A Ratio of distribution volume of FDG
to that of glucose: A = [k}/(k + k3)V
[k,/(k, + ki)] when k{ is small

Vi Maximum velocity of phosphorylation
of glucose (V% is for FDG)

Knm Michaelis-Menton constant for phos-
phorylation of glucose (K2 is for
FDG)

1) Ratio of the differences berween the

rates of phosphorylation and dephos-
phorylation of glucose to its rate of
phosphorylation

Ci(t), CH(T) Cerebral tissue concentration of FDG
plus FDG-6-POy in region i as a func-
tion of time (t) or at a single time (T)

Cp Capillary plasma glucose concentra-
tion (steady state); approximated by
average value from peripheral artery
or vein

Ca(v) Capillary plasma FDG concentration

as a function of time; approximated by

values from peripheral artery or vein

Steady-state tissue concentration of

glucose and glucose-6-PO,, respec-

tively

Tissue concentration of FDG and

FDG-6-PO,, respectively, as a func-

tion of time (t)

a,, a. Rate constants for the model response

: to an impulse change in FDG capillary

plasma concentration

CEy C.\l

CE(1), Cx(®)

FDG + PO, is low in brain. Our studies indicate that loss
of FDG-6-PQ,, although slow, is sufficient to cause
significant errors, depending upon how long after injection
CMRGIc is measured. Thus we have derived an extension
of Sokoloff’s model which allows for hydrolysis of FDG-
6-PO, 1o FDG [23]. The rate of FDG formed in this man-
ner (k%) then competes berween the rate of clearance to
blood (k3) and the rate of rephosphorylation (k3) to FDG-
6-POy (see Fig 1).
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Fig 1. The three-compartment model for measurement of cere-
bral metabolic rate for glucose with (F-18)2-fluoro-2-deoxy-
D-glucose (FDG). The Sokoloff et al (53] model employed .
(C-14)2-deoxy-p-glucose and considered only k%, k3, and k3.
Our model, which is an extension of Sokoloff’s, includes k}-
mediated bydrolysis of FDG-6-PO, — FDG + PO, (Eq 23).

Derivation of Operational Equation for CMRGlc Model
The rates of change of C§(t) and Cg(t) in the compartmen-
tal model of Figure 1 can be expressed as:

di(ca«) = KICHO) — (kE + k) CR(0 + k$CH(©) )
g’;cm) = k$CE(r) — k3CH(0) 5)

From these two simultaneous linear differential equations,
C(1) and C3(t) can be solved in terms of C(t):

CHO = —1— [(k§ ~ ae™=1* + (2 = ke =21 ® CE(o)
Qg — Oy
©6)
kiks .
Citn) = g €1 — ) @ CRO )
where

a, = [k + ki + ki — V(ks + k§ + k3)2 — 4k2k1)2 ()

oy = [k$ + ki + kI + V(k§ + k3 + ki)? - 4kikiV2  (9)

and ® denotes the operation of convolution, that is:

t

a(t) ® b(1) =f a(t)b(t — 7)dr (10)

]

The total amount of tracer in tissue, C}(t), is equal to the
sum of Cg(t) and C¥(t). The amount of tracer attributable
to the vascular compartment is negligible because the vas-
cular space in tissue is small compared with the extravascu-
lar space. Thus, :

Ci(v) = Ci(t) + Ci(0) (11

Substiruting CE(t) and C#%(t) from Eqgs. 6 and 7, Eq. 11
becomes:

_._._kr_. (k3 + ki — ape
a,

oy —
+ (a; — k¥ — ke '] ® Ci(0)

Cin) = 12)

In a steady state, LCMRGIc is equal to the net phos-
phorylation rate of glucose; that is:

LCMRGIc = kyCr. — kiCn (13)
= ¢ kaCE

1070



where ¢ = 1 ~ k;Cy/k3Cg is the fraction of glucose that is
metabolized after it is phosphorylated. Also, there is no net

accumulation or depletion of glucose in a steady state.
Thus,

k;Cp + k4CM = kgCE + k3CE

Ce (crm

By multiplying both the numerator and the denominator
with C%(T), LCMRGIc can be expressed as:

Ce (
RGlc = =%
LCMRGIc IC

ktk3 )( Cu(M) )
ki + ki /\ CH(D)
(22)

_G ( ktks )(crm— gm)
LC\ k¥ + k& Ci(T)

Substituting C¢ and Cy from Egs. 6 and 7, Eq. 22 becomes:

ofr
k,
CE - m CP (14)
LCMRGic =
and
LCMRGIc = —Kiks®__ (15)

k. + &k,

By multiplying both the numerator and the denominator of
Eq. 15 by ktk3/(ks + k3), LCMRGIc can be expressed as:

Kiki 1 kel kilGks + ko)
HMRGIe= ( Gl )(_ks?)( I )C@
k‘kb é
=g © (16)

where f = k3/k; and A = [k}/(k; + k)] [ki/(k, + ksp)]™".

Since FDG and glucose are competitive substrates for
hexokinase in the phosphorylation process, their rates fol-
low the Michaelis-Menton relationship; that is:

VK
kt = m! Bm 1

* 771 + CJK,, + CHKA {17
k = Vo/Km (18)

1 + Cy/K,, + CH/Kn

where V, and V¥ are maximum velocities and K, K are
apparent Michaelis-Menton constants for glucose and
FDG. Thus,

f=ViKn/V. K2 ' (19)
and

M AVIK,

&  oV.K: 20)

This factor has the same form as the lumped constant in
Sokoloff's model [53] and is similarly denoted as LC. Then:

LCMRGlc = &(

krky
Te ) @1

ks + k3§

- --i—--[(kit —ape ' + (@ — ke 2] ® CF(t))
Qs —
— (23)
LC ( 2 + 3 )(e—all — e-—azl)@ C;([)
s — Oy

Thus, LCMRGIc can be calculated according to Eq. 23
from the measured quantities of Cp, C(1), and C{(T). The
symbol tis used in Eq. 23 10 denote the requirement of the
full time course of C#(t) up to time T, as compared to the
value of C}(T) at a single time T.

The assumptions of Eq. 2 (which also apply to Eq. 23
with the exception that k} # 0) have been extensively dis-
cussed by Sokoloff et al [53]. Some pertinent assumptions
and issues concerning this model are discussed in the fol-
lowing sections.

Determination of Rate Constants and Lumped Constant
The rate constants, k} to k§, can be determined wich Eq. 12
if the rate of change of total tissue F-18, plasma FDG, and
plasma glucose concentrations are known as a function of
time. The tissue measurements were performed by using
the ECAT to image the same region of the brain repeatedly
over time periods of 3 to as much as 14 hours after injec-
tion. Early images were taken at 30- to 300-second inter-
vals, with longer intervals as the study progressed. This
resulted in time concentration curves with 20 to 50 data
points. The images at 2 to 14 hours were required to de-
termine the small k§ term accurately. Since the k*s corre-
spond to half-times of minutes to hours (Table 1), the sam-
pling times used in this work produced no significant loss in
accuracy. These data, together with the concentration of
FDG in arterial or “hot vein” plasma, were used with Eq.
12 to calculate the values of the k®s by a least-squares
curve-fitting method. Values for gray and white marter
were calculated by using the region-of-interest programs of
the ECAT to isolate individual regions (about 1 to 3 cm?)
of gray and white matter. The levels studied ranged from
the basal ganglia to 9 ¢m above the orbital mearus.

The LC was estimated for human subjects by initally
calculating (Eq. 23) the CMRGlc for gray and white struc-
tures in the different cross-sections with LC set equal to
unity. These values of CMRGlc were weighted to yield a
whole-brain CMRGlc on the assumption that brain is 5002
gray and 5097 white matter {25]). The ratio of these values
to the average CMRGIc (weighted by reported error esti-
mates) of 5.38 = 0.77 (1 SD) mg per minute per 100 gm of
tissue reported for humans [8, 15, 33, 51, 55] is equal to
the LC for FDG.
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Table 1. Rate Constants for DG and FDG in Brain

Deoxyglucose

Fluorodeoxyglucose
in Human Brain®

In Rart Brain? In Monkey Brain® (this work)
Gray White Gray White Gray White
Constant Matter Matter Matter Matter Martter Mauer
k¥ (min~1) 0.189 0.079 0.102 0.954
(x0.012) (£0.008) (x0.029) (x£0.015)
k3 (min~") 0.245 0.133 0.130 0.109
(x£0.040) (£0.046) (£0.066) (x£0.044)
k¥ (min™%) 0.052 0.020 0.062 0.045
(x0.010) (x£0.020) (£0.019) (x0.019)
k¥ (min™) 0.0068 0.0058
(£0.0014) (x0.0017)
k$ + k3 (min™!) 0.297 0.153 - 0.347 0.144 0.192 0.154
(£0.079) (+0.058)
LC 0.483 0.344 0.420
(+£0.022) (£0.036) (£0.059)

2Sokoloff et al {53]. Values for errors are standard error of the mean for different animals and different gray and white matter structures of the

brain.
PKennedy et al [26]. Error is standard error of the mean.

*Values for errors are [ standard deviation from the mean of multiple measurements of gray and white matter.

Compartmental Concentration of FDG and FDG-6-PO,
Compartmental concentration of FDG and FDG-6-PQ, as
a funcrion of time was determined from measured values
of tissue F-18 concentration, arterial (or hot vein) plasma
FDG, and Egs. 6 and 7 with our measured values of k*s.
This approach was used to isolate and inspect the time
course of free FDG and FDG-6-PO, concentrations in ce-
rebral tissue for both gray and white matter.

In addition, the tissue plasma FDG concentration was
determined by measuring the cerebral blood volume
(CBV) with "CO-labeled red blood cells (RBC) and the
ECAT by the method developed by Phelps et al [38] for
x-ray fluorescence and applied to ECT by Kuhl et al [31].
The fraction (fp) of toral tissue F-18 concentration in the
cerebral plasma compartment was then calculated by:

fo = C2(TXCBV)(1 — 0.85H)

24
W) @9

where values are determined at selected points in time T,
H is the large vessel hematocrit, and 0.85 is the correction
for the difference between large vessel and cerebral
hematocrit [38]. In these studies the region of the brain
defined by the FDG images was used for measurement of
CBYV (i.e., this approach excluded CBV of extracerebral
vessels and some superficial vessels of the brain and corre-
sponded directly to the CBV of the tissue for which
CMRGIc¢ was measured). The technique was applied to 3
persons with an average cross-sectional CBV of 0.031 %
0.0062 ml per gram of tissue. This is about 0.5 to 0.75 of
the average values reported for CBV that typically includes
superficial cerebral vessels [16-18, 27, 31, 37, 38, 52). The
ratio of plasma to red blood cell FDG concentrations was

also measured to allow calculation of either tissue blood or
plasma concentrations.

RBC/[Plasma Concentration Gradient

Blood samples from 14 individuals were taken as a function
of time, and red blood cell and plasma F-18 concentrations
were measured.

Replacement of Arterial Blood Sampling with Venous
Blood Sampling

Arterial plasma values of DG and glucose were used by
Sokoloff et al [53] and Reivich et al [48, 49] as an estimate
of the mean capillary plasma values. To reduce trauma to
the subject, we investigated the use of venous sampling
from a resting arm or hand. Since the area under the FDG
plasma concentration (C§(t)) curve is proportional to the
input function of the model (Egs. 2, 23), the validity of this
approach was evaluated by measuring the rario of these
areas for peripheral vein (Cj(t)y) to artery (Cp(1),) plasma
concentration, as given by:

T T
f( ’ Ch(Ondt / f‘ ‘ Ch(t)adt (25)

The plasma glucose concentration (Cp) also appears in the
model, so the ratio of venous to arterial plasma glucose
concentration was determined:

(Cpiv/(Cp)y 26)
If the ratio in Eq. 25 or, better, the ratio of Eqs. 25 t0 26 1s

one (the values for FDG and glucose appear in the de-
nominator and numerator of Eq. 23 and tend to partially
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Fig 2. (A) CMRG/c images for selected cross-sections ranging
from 8 cm above to 1 cm below the orbital meatus in a human
volunteer. Progression is from left to right and top to bottom: L
1s left side and A is anterior. Increasing tissue activity concen-
tration is shown as darker shades of gray. Note the clear de-
lineation of superficial cortex, subcortical white matter, and
internal gray nuclei. Images are at 1.3 em resolution. (B)
Sketches of anatomical structures for comparison to CMRG e
Images. Figure numbers in A and B are for approximate cor-
respondence of levels. Figures were traced from actual brain
slices, and only major structures are shown for clarity. (A =
subcortical white matter: B = superficial cortex; C = lateral
ventricle: D = caudate nuclens; E = thalamic nuclei; F =
atrium of lateral ventricle: G = putamen and globus pallidus:
H = anterior horn of lateral ventricle: 1 = internal capsule; ]
= external capsule: K = claustrum: L = vermis: M = tem-
poral lobe: N = pons: O = cerebellar hemisphere; P = cerebel-
lar white matter.)

cancel), then the substitution of venous for arterial sam-
pling is valid. These ratios were determined in 8 dogs, 2
monkeys, and 6 human subjects.

As a further improvement, we determined these ratios in
4 human subjects whose venous blood was drawn from a
hand heated to about 44°C in a specially designed hot water
box. The heating of the hand "arterializes” the venous
blood by large increases in blood flow withour a concomi-
tant rise in metabolism [13, 56]. This flow increase is a
cooling mechanism (i.e., hyperemia or luxury perfusion).

Results

Kinetic Constants and CMRGlc

Figure 2 is a set of tomographic images of CMRGlc
in a normal volunteer from levels 8 cm above to 1 cm
below the orbital meatus. The figure illustrates the
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image quality and delineation of cerebral structures
achieved in this study.

Serial images from 13 human subjects were
analyzed to calculate k} to k§ for FDG in gray and
white matter. These values and the estimated value of
LC are given in Table 1. A typical set of images (at
selected times) used for these calculations is shown in
Figure 3.

The average values of k*s and LC were then used
to calculate the local CMRGl¢ as a function of time in
11 normal volunteers. A typical set of these images at
selected time intervals is shown in Figure 4. The nu-
merical values of CMRGlc as a function of time for
about 2 cm? regions of gray (superficial cortex) and
subcortical white matter from 4 volunteers are shown
in Figure 5. The precision of the local CMRGlc de-
terminations was better than *+5.5% over a 3- to
4-hour period and *4% during the period between
40 and 80 minutes after injection, during which we
typically measured CMRGlc in patients.

Compartmental Concentrations of FDG and
‘FDG-6-PO 4 ‘
Equations 6 and 7, our values of k*s, the measured
F-18 tissue concentration, and plasma FDG concen-
trations were used to calculate the tissue FDG and
FDG-6-PO, concentrations as a function of time. A
typical example for gray and white matter is shown in
Figure 6. Table 2 gives the mean values for 10 human
subjects as compared with published values in rats
and mice.

The measured value (Eq. 24) of the fraction (fp) of
total tissue F-18 concentration which is FDG in tis-

Fig 3. (Top) FDG tomographic images of a single cross-section
of the head as a function of time for measurement of k% to k3 in
gray and white matter. The images 1 through 10 have midscan
times of 2.5,7.5, 20, 30, 40, 60, 70, 120, 240, and 300 min-
utes. The 10 images shown are part of a total of 40 images re-
corded. Level is 9 cm above the orbital meatus. Images show
superficial cortex. intercerebral cortex. and subcortical white
matter. Early images show radioactivity in brain as well as in
extracerebral tissue. As steady-state condstion is approached.
only cerebral regions are seen. Note consistency and reproduc-
1bility of images after about 20 minutes. Resolution was medium,
and 4.5 mCi of FDG was injected intravenously. (Bottom)
Two-dimensional images of upper torso. T he three simultaneous
views recorded with the tomograph (zero degrees and = 6O-
degree oblique views) are shown. The plus signs shou: position
selected for tomography.

sue plasma is shown in Figure 7. These values are for
whole brain, excluding plasma activity in superficial
vessels (see Methods). These values can be converted
to whole biood values (fg) by:

f, [RBC}/[plasma] (0.85H)
(1 — 0.85H)

fy = +fp 27

where [RBC)/[plasma]l is the ratio of red blood cell to
plasma F-18 concentration (see Fig 8), H is hemato-
crit (average value of H in this work was 0.39 =+
0.01), and 0.85 is the cerebral hematocrit correction
[38]. For example, at 40 minutes, fz = 1.43 f;.

The average values of fp or fg for gray and white
matter can be calculated from the average gray and
white martter CBV values of 0.042 = 0.005 and
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Fig 4. A single cross-section of the bead as a function of time

for determination of stability and precision of measurement of
CMRG/c with FDG. Mid-times of scans are shown below im-
ages. The images shown were selected from a total of 30. Level
75 3.5 cm abore the orbital meatus (level of basal ganglia). L is
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) 30 €0 90 120 B0 180 2i0 240
TIME AFTER INJECTION(MIN)
Fig 5. CMRGIc calculated from Eq. 23 as a function of time
for gray and white matter regions (each region is about 2 cm?)
of brain from 4 volunteers, illustrating the typical variabil-
ity we have observed. Note that at early times (<30 min)
some variability is seen. This is because steady state has not
been reached, and the calculated value of CMRGIc is beavily
dependent upon the exact values of k*s (see Discussion). After
30 minutes this dependence is decreased and the calculation is
much more stable and reproducible. Some variations in actual
cerebral metabolism may also be occurring during the study.
Values of local CMRGIc were found to be in good agreement
with values in rhesus monkey from autoradiographic studies
with DG [26). Because of variability at early times, mea-
surements of CMRGc in patients are started 30 to 40 minutes
after the injection.

left and A is anterior. Note clear delineation of the superficial
cortex, internal capsule, caudate nucles (left and right),
thalamus, and visual cortex. Note reproducibility of images
after about 10 minutes. Resolution was medium, and 6 mCs of
FDG was injected.
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Fig 6. Typical temporal distributions of F-18 activity in gray
(A) and white (B) matter between free FDG and FDG-6-PO,
in a human subject. Compartmental concentrations were cal-
culated from Egqs. 6 and 7 as described in Methods. Note that
total measured tissue F-18 and calculated FDG-6-PO, increase
steadily over the first 80 to 100 minutes due to continual trap-
bing or sequestering of FDG-6-P0Oy. Average distribution val-
ues from buman studies are shown in Table 2.
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Table 2. Percentage of Tissue Activity in the Free Form and Phosphorylated Deoxyglucose and Fluorodeoxyglucose®

Human Human Human Rat Rat Rat Mouse
Gray Matter® White Matter® Whole Brain® Gray Marter® White Matterd Whole Brain® Vg:':5
Time DG FDGP FDG FDGP FDG FDGP DG DGP DG DGP DG DGP FDGP
(min) Total Total Total Total Total Total Total Total Total Total Total Total Total
5 75+4 24+4 82+7 18=%8 79 21 67 33 95
10 6713 34=14 77 =8 21 +9 72 28 29 71
20 417 59x7 60 =13 39x'12 51 49 33 67
30 295 716 4612 54=x12 38 63 150 £'05 853 362 644 26 74 89
40 24 x4 77 x5 36=+8 64+ 18 30 71 90+04 91 x4 201 80=%x4 13 86 (87) )
50 203 81 £4 315 69 +6 26 75
60 162 84=%x2 2523 76%3 21 80 7.5+03 93+4 140=0.3 86=x2 93
80 13+1 872 23x3 78zx4 18 83
120 1021 20 =1 163 85 +'3 13 88 92
180 8208 92=x1 122 88 x2 10 90
240 6.8+06 931 91210 91=1 8 92 8 79 (92)

AFDG-6-PO, and DG-6-PO, are denoted as FDG-P and DG-P.

*Human values are from this work and are mean values for 10 subjects; the errors are standard deviation from the mean.

*Estimated whole brain values are derived from the human gray and white martter values on the assumption that brain is S0 gray and 50¢% white marter [25).
9Sokoloff L: unpublished results, 1979. Errors are standard error of the mean.

*Hawkins and Miller [19). The values at 40 and 240 minutes do not add to 1009 because the authors reported thar at these times an unideatified product other
than DG and DG-6-PO, is present. Values in parentheses are the sum of DG-6-PO, and the unknown labeled agent.

‘Gallagher et al {12).

% TISSUE ACTIVITY DUE TO PLASMA

COUNTS/SEC/GM

. L. i | 1 i n J
40 60 80 100 120 140 160 180 200 220
TIME AFTER INJECTION (min)

o] i
o 20

Fig 7. Percentage of average cerebral tissue activity in plasma 2l
of the vascular compartment (Eq. 24) as a function of time in
buman subjects. Percentage in the total blood compartment and 1ol
values for plasma and blood in gray and white matter can be
calculated from data in this figure, Figure 8, and Eqs. 27 and
28. Tissue plasma and total blood FDG in cerebral tissue
rapidly decrease to a small fraction of total tissue activity.

i 1 it 1 i

i 1
[ 20 40 60 80

) i

120
{140}

100
(220)

(min)

(140} (160} (180} {200)

TIME AFTER INJECTION

{120}

Fig 9. Normal resting arterial (solid curve) and venous
(dotted curve) FDG plasma curves across a resting arm. Ini-
tially, unidirectional transport of FDG produces a large
(A-V)IA value of 585 even though the glucose value is only
49%. Then as arterial FDG concentration decreases and reverse
transport of FDG takes place, the venous values become larger
than arterial ones. As steady state is reached. the (A-V)/A tal-
ues for FDG and glucose run in parallel and differ due to LC

13

§ 121 Jor FDG in the arm. Times in parentheses apply to lower curve.
S 10

= ngs ot

5 08§ 0.021 =+ 0.006 ml per gram measured in this work.
g 81 The average F-18 concentration in gray matter was
g 0441 found to be 2.1 %= 0.5 times white matter. This, to-
< 02; | gether with the average whole-brain CBV of 0.032 +
€ 000 0 %0 80120 180 200 230 250 20 0.0062, can be used to calculate fp(gray) by:

TIME AFTER INJECTION (min)

Fig 8. Concentration ratio of F-18 in red blood cells to that of
plasma from 10 buman subjects. The [RBC)/[plasma] ratio

0.042 ) 1.55 (28)

fe(gray) = fp (0—03—2— (ﬁ) =0.97 fp

slowly increases. apparently due to sequestering of FDG-6-PO,
in RBCs. Initial values are shown in the expanded scale at left.
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where 0.042/0.032 and 1.55/2.1 are the conversion
factors from average brain values to gray marter val-
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Fig 10. Arterial (crosses) and venous (circles) FDG plasma
clearance in which venous blood samples were taken from a hand
beated 10 44°C tn a specially designed water glove box. Heating
was used to “arterialize” the hand vein, as demonstrated by
superimposition of the data (see Table 4).

ues of CBV and tissue F-18 concentration. A simi-
lar result can be used to calculate fp(white), fg(gray),
and fg(white).

The ratio of F-18 concentration in RBC to that in
plasma from 10 human subjects is plotted in Figure
8 as a function of time. No significant difference was
found in this ratio between arterial and venous blood.

Arterial versus Venous Blood Sampling :
Examples of arterial (A) and venous (V) FDG plasma
curves across the hand or arm of human subjects are
shown in Figures 9 and 10. Figure 9 shows the A and
V FDG plasma curves of a typical resting arm, and
Figure 10 shows the A and V FDG plasma curves
when blood was drawn from the vein of a hand
heated to 44°C 10 arterialize the venous blood.
Table 3 shows the ratio of the venous to arterial
FDG plasma input functions (Eq. 25) along with the

Table 3. Venous 10 Arterial FDG Plasma Input Function Ratio (VIA(FDG)), Average Ratios of Venous to Arterial Plasma Glucose
{VIA(Glc)). and Ratio of These Two Factors from a Resting Leg of a Dog and Monkey and a Human Arm?®

Dog and Monkey Human
Time after
Injection V/A(FDG) V/IA(FDG)
* (min) V/IA(FDG) V/A(Glc) V/A(Glc) V/A(FDG) V/A(Glc) V/A(Glc)

5 0.86 (0.15) 0.93 (0.04) 0.94 (0.15) 0.89 (0.20) 0.97 (0.10) 0.92 (0.07)
10 0.91(0.12) 0.95 (0.03) 0.95 (0.13) 0.91 (0.15) 0.95 (0.07) 0.93 (0.09)
20 0.94 (0.10) 0.95 (0.04) 0.99 (0.12) 0.94 (0.13) 0.96 (0.07) 0.98 (0.08)
30 0.96 (0.06) 0.97 (0.03) 0.99 (0.07) 0.93 (0.11) 0.96 (0.08) 0.97 (0.06)
40 0.98 (0.07) 0.96 (0.05) 1.02 (0.07) 0.89 (0.08) 0.92 (0.10) 1.01 (0.06)
60 0.98 (0.06) 0.99 (0.04) 0.99 (0.06) 0.91 (0.09) 0.90 (0.08) 0.99 (0.04)
90 0.99 (0.06) 0.98 (0.04) 1.01 (0.06) 0.90 (0.08) 0.89 (0.06) 1.01 (0.03)

120 0.99 (0.05) 0.97 (0.03) 1.02 (0.05) 0.91 (0.08) 0.89(0.06) 1.01 (0.04)
180 1.00 (0.05) 0.98 (0.03) 1.02 (0.04) 0.92 (0.09) 0.88 (0.08) 1.04 (0.08)
220 0.99 (0.05) 0.97 (0.03) 1.03 (0.05)

aData from 8 dogs, 2 monkeys, and 6 human subjects. V/A(FDG) is Eq. 25 for plasma FDG; V/A(Glc¢) is Eq. 26 for plasma glucose. The time
of integration or averaging is from 0 to time T after injection (column 1). Values in parentheses are 1 standard deviation (SD). The average
arterial glucose value was 88 % 8 (xSD) for animals and 98 =5 (=SD) for humans. The average extraction fraction for glucose was 0.036 =

0.010 (=SD) for animals and 0.075 = 0.021 (=SD) for humans.

Table 4. Comparison of Blood Sampling from Brachial Artery, Normal Hand Vein, and Hand Vein Heated to 44°C?

Time Heated V (FDG)® Determi- Normal Heated
(min) A nation Vein Vein Artery
5 0.98 = 0.01 pH 7.38 = 0.01 7.43 = 0.02 7.43 = 0.02
10 0.99 = 0.02 Pco, 393 =21 35.0 = 1.8 35.0 *1.7
(mm Hg)
30 0.99 = 0.03 Po, 39.1 =4.2 78.0 =34 85.1 %36
(mm Hg)
60 1.00 = 0.02 Glucose 819 +4.38 87.0 =41 86.7 *5.2
(mg/100 ml)
90 1.01 = 0.02
180 1.02 £ 0.03

2Values are mean with 1 standard deviation. Data are from 4 human subjects.

*From Eq. 25.
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average venous to arterial plasma glucose concentra-
tion (Eq. 26) as a function of time. Values are given
for the resting arm (humans) or leg (dogs and mon-
keys). Values from artery and hot vein are given in
Table 4.

Discussion

Kinetic Rate Constants

Since kinetic rate constants have not been measured
previously for DG or FDG in human beings, we can-
not compare our work with that of others. However,
these constants for DG have been measured with an
autoradiographic technique in rats and monkeys. Our
values of k} and k¥ for gray and white matter are
lower than values for DG reported by Sokoloff et al
[53] in rat brain, whereas the values of k} are very
similar (see Table 1). This may imply that FDG has a
lower affinity than DG for the facilitated transport
system of the capillary membrane but is very similar
as a substrate for hexokinase. However, without data
for DG in humans, this is only a conjecture. Qur
values of k3 + kj tend to be lower than those found by
Kennedy et al [26] from measurements in 2 rhesus
monkeys with DG (see Table 1). This supports the
hypothesis that differences in the values of k¥ and k#
for DG and FDG result from differences in the chem-
ical form of the two compounds rather than dif-
ferences in animal species; however, the darta are too
meager to be conclusive. CMRGlc is somewhar lower
in humans than in rats, and lower values of the rate
constants would be expected. Also, the spatial reso-
lution of the tomograph used in this study (1.3 cm)
produces some averaging of the gray and white mat-
ter values, which tends to decrease the gray and in-
crease the white matter values.

Since our values of k* from different gray and
white matter structures did not vary significantly
when compared to variations of the same structure
from one subject to another, we have listed only
average values for these two general categories of
cerebral tissue. The same result was found for DG in
rat brain [53]). The effect of different k* values for
substructures of the brain is discussed later in the
section titled “Compartmental Model.”

Although the activity of glucose-6-phosphatase is
reported to be low in mammalian brain [20, 21, 44,
45], it apparently produces 2 significant hydrolysis of
FDG-6-PO, 1o FDG, which is then available for re-
phosphorylation (k%) or clearance into the blood
(k%). Our extension of Sokoloff’s model has been
derived {23] to include the hydrolysis reaction medi-
ated by the rate constant ki (see Fig 1 and Eq. 23).
Sokoloff et al {53] measured the total **C tissue ac-
tivity at 17 and 24 hours after injection of DG and,
by assuming the blood concentration to be zero,
found gray and white matter to have clearance half-

times of 7.7 and 9.7 hours, respectively. If we neglect
the blood FDG activity in the period from 3 to 14
hours after injection, we also find an average tissue
clearance rate of 9.1 hours. This indicates that the
data of Sokoloff et al would yield a k} similar to ours
if processed in our model.

Our values for kI (gray matter, 0.68¢%/min, and
white matter, 0.58¢7/min) are in reasonable agree-
ment, although somewhat lower, than the low wval-
ues of 1% and 0.7% per minute reported from
(C-14) DG studies in rats by Hawkins and Miller [19].
They also reported measured values as high as 3.5%
per minute. This discrepancy may be because these
authors underestimated the initial portion of their
“estimated” DG blood curve since they fitted it with a
single exponential. We have found in dogs, monkeys,
and humans, as Sokoloff et al [53] have noted in rats
and Kennedy et al [26] in monkeys, that the plasma
curve is best fitted with four exponentials. Gallagher
et al [11] have fitted the plasma curve from dogs with
three exponentials. The single exponental fit of
Hawkins and Miller [19] probably missed the very
large early portion of the blood curve. This would
cause underestimation of the initial amount of DG
supplied to the tissue, so that subsequent DG in the
blood would appear to be providing the tissue with
major amounts of DG withour significant increases in
the amount of DG-6-PO;. This gives the false im-
pression that DG-6-PO; is being formed and rapidly
removed by hydrolysis.

There now appears to be no question that small
amounts of phosphatase are present in cerebral tissue
[12, 14, 20, 21, 44, 45, 54] and that if studies are
carried out at significantly long times after adminis-
tration (i.e., =40 minutes) the hydrolysis of FDG-6-
PO, to FDG should be taken into account by the
model given in Eq. 23. The spatial distribution and
specific function of phosphatase in the brain are still
not clearly understood [1]. It has been reported that
phosphatase is also located in capillary membranes
and may be integrally involved in the facilitated
transport mechanism for glucose [14, 54].

Our estimated LC value of 0.420 = 0.059 (SD) is
between the values measured for DG of 0.483 =*
0.022 (SEM) in rat [53] and 0.344 * 0.036 (SEM) in
monkey [26]. Our value is considerably higher than
the LC of 0.282 estimated by Reivich et al [49] for
FDG in the primate. The LC for FDG, however,
needs to be directly measured in humans and other
primates. The stability of LC must also be deter-
mined in various normal and abnormal startes.

Turnover Rate of FDG in Tissue

The half-time for turnover of the tissue FDG pool
can be approximated by In2/(k¥ + k¥) when k¥ is
small. Our values for white marter in human beings are
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Table 5. Rate Constants, Half-Times of Precursor Pool, and Distribution Volume of DG and FDG in Animals and Humans

Half-life of Precursor
Pool In2/(k + k$) (min)

k$ + k& (min™?)

Whole Brain
Average

Distribution Volume

ke/(kd + k3)

Determination

Gray Matter White Matter

Gray Matter

Distribution

White Matter Gray Marter White Marter Volume?®

DG in rat® (Sokoloff  0.297 0.153
et al [53])

DG in monkey 0.347 0.144 2.00
(Kennedy et al
[26D

FDG in humans® (this  0.192 £ 0.079 0.154 + 0.058 4.25 = 1.78

work)

2.39 = 0.40

4512090 0.647 £ 0.073 0.516 £0.171 0.582
4.81
5.30 £2.49 0.593 £0.230 0.383 +'0.137 0.488

2Assumes that whole brain is 509% white and 509z gray matter {25].

YError values are standard error of the mean.
“Error values are standard deviation of the mean.

similar to_the values from DG in rat and monkey
(Table 5). However, our half-time for gray matter in
humans is about twice the DG value in rat and mon-
key (Table 5), which may result from spatial averag-
ing in PCT or from species or chemical differences.
Since CMRGlc and blood flow are somewhat lower
in man than in rats, lower values for the pool turn-
over rate in humans are expected.

Compartmental Concentrations of FDG plus
FDG-6-PO,

The concentrations shown in Figure 6 of total F-18
activity between FDG and FDG-6-POQ, in tissue as a
function of time are typical of our results. These data
clearly show that F-18 concentration increases for
about 90 minutes and then levels off for both gray
and white matter. The shape and ratio of concen-
trations in each compartment for both gray and white
matter are in reasonable agreement with the data of
Sokoloff et al [53] for the first 45 minutes over which
they report data. Our data show a slower rate of
FDG-6-PO, formation, but this is expected from the
lower CMRGIc in humans. The data in Figure 6 and
from studies carried out for 5 to 14 hours indicate
that the toral tissue F-18 activity slowly decreases
after 120 minutes, apparently due to hydrolysis of
FDG-6-PO, by phosphatase.

The present data and those of Sokoloff et al [53]
are not in good agreement with the data of Hawkins
and Miller [19], who reported direct chemical assays
of tissue DG and DG-6-PO; in rat brain. Hawkins
and Miller reported that the total tissue activity
(DG-6-POy and DG plus some small amount—small
at times <1 hr—of unknown labeled compound) de-
creased after 10 minutes. In their data, this was be-
cause DG was declining with time, as would be ex-
pected, but DG-6-PO, was constant or decreasing
slightly. These authors [19] stated that net phos-
phorylation of DG ceases after 10 minutes even
though significant amounts of DG are present in

blood and tissue. As stated before, we believe that
Hawkins and Miller have underestimated the early
portion of the plasma DG curve, and therefore have
significantly overestimated the relative magnitude
(i.e., overestimated the rate of dephosphorylation) of
DG supplied to tissue at the late times.

Direct chemical assay of FDG-6-PO, in mouse
brain by Gallagher et al {12] showed that total tissue
radioactivity increased rapidly for the first few min-
utes and then remained almost constant for about 1
hour, after which it appeared to decrease slowly.
FDG-6-PO, reached a value of 90 to 95% of toral
tissue activity in a few minutes and then followed the
total tissue activity. Gallagher et al [12] did not show
blood curves, so the temporal delivery of FDG to
brain is not known. Since the mouse has a higher
CMRGiIc and CBF and much shorter body circulation
time than man, it is not surprising that maximum
DG-6-PO;y values were reached much more quickly
than in our study. However, this is inconsistent with
the dara of Sokoloff et al [53] and Hawkins and Mil-
ler [19].

In terms of the fractional distribution of tissue
radioactivity between FDG and FDG-6-PO, (see
Table 2), our data are in reasonably good agreement
with those of Sokoloff et al [53] and Hawkins and
Miller [19]. Our values for the early times (<30 min-
utes) are, however, considerably lower than those of
Gallagher et al [12]. The notable difference in their
dara is that after only a few minutes, about 90% of
cthe tissue activity is in the form of FDG-6-PO,.

Figure 7 shows that the measured fraction of tissue
radioactivity due to tissue plasma (or whole blood by
Eq. 27) FDG rapidly decreases to a value of about
1.32¢ and 0.77% at 40 and 80 minutes, respec-
tively. The fractions in terms of whole blood at 40
and 80 minutes are 1.89¢% and 1.10%, respectively.
If FDG were distributed with uniform concentration
throughout the brain, then the extravascular FDG
would be in a volume about 32 times as large as the
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vascular volume. This would imply that at 40 and 80
minutes, the fraction of total tissue radioactivity due
to free FDG would be about 609% and 35%, respec-
tively. These values are considerably higher than our
calculated values (Table 2, column 6) using the
CMRGIc model (Eq. 23) and our measured values of
k*s. This indicates that the average extravascular con-
centration of FDG is lower than the vascular con-
centration (i.e., the distribution volume or partition
coefficient for FDG is less than 1; see Table $). This
is expected, since glucose is transported into the
brain by a saturable facilitated mechanism racher than
an active mechanism [6, 7, 9, 10, 57] and therefore
requires greater plasma than tissue glucose concen-
trations. These data indicate that the average ratio
between the concentration of FDG in brain tissue
and thas in blood is about 0.51, which is consistent
with the model value of 0.49 (distribution volume in
Table 5).

Since red cells could be sequestering FDG-6-PO;,
we measured the concentration ratios of RBC to
plasma (see Fig 8). This showed that RBCs rapidly
equilibrate with plasma FDG (due to the ease with
which DG crosses cell membranes [1, 32]), seques-
ter FDG-6-PO, very slowly, and have a total F-18
concentration close to that of plasma for a 5-hour
period. The slow sequestering rate of RBCs is con-
sistent with their large glucose content and low met-
abolic rate for glucose [34, 35). This indicates that
the tissue blood radioactivity is not increased or en-
hanced by a high RBC-plasma concentration ratio.

The distribution volume or partition coefficient
between plasma and tissue for FDG is approximately
given by k}/(k? + k%) when k} is small. Our values of
0.593 and 0.383 for gray and white matter in humans
are lower than the corresponding values of 0.647 and
0.516 for DG in rats (see Table 5). The difference
between our values and those of Sokoloff et al [53]
arises primarily from our lower values of k¥ and k2
(see Table 1), but the difference is insignificant by
a paired 7 test.

Arterial and Venous Blood Sampling

Sokoloff et al [53] and Reivich et al [48, 49] have
used peripheral arterial plasma values of DG and glu-
-cose for estimating the cerebral capiltary concentra-
tion of these substrates. Sokoloff et al [53] reasoned
that since the cerebral arteriovenous extraction frac-
tion, (A-V)/A, is small (~5%%), the arterial values
provide a good estimate of mean capillary concentra-
tion. Also, since the glucose values appear in the
numerator and the DG values in the denominator,
the difference tends to cancel partially (complete
cancellation does not occur because the second term
in the numerator also contains the plasma DG con-
centration; see Eqs. 2 and 23). This partial cancella-
tion effect allows a better estimate of the capillary

concentrations, since the difference berween the
systemic and capillary values also parually cancels.

We have likewise reasoned that one could use the
venous values from a resting arm or hand. The re-
ported (A-V)/A for glucose in humans of 2 to 5%
across a resting arm [2-4] is small, although lower
than our measured values of 7.5 = 0.21%% for humans
and close to 3.6 = 0.10% for dogs and monkeys. The
reported values [2—4] are somewhat lower than ours
because those subjects were fasted for 24 hours.
However, a labeled compound is equal to the normal
circulating compound only when a steady state or
equilibrium is reached. For example, the first-pass
extraction of the tracer will be larger than that of the
circulating compound if the reverse transport is not
equilibrated (see Fig 9). For tracers with slow equili-
bration times, the initial venous values are substan-
tally lower than arterial values for the tracer. Sub-
sequently, the venous values may even rise above
arterial values if the arterial concentration falls
rapidly as back-transport is equilibrating (Fig 9).
However, after equilibration, the tracer A-V dif-
ference will equal the circulating compound A-V
difference. In the case of DG, the tracer A-V at
steady state will be somewhat lower because LC is
below 1.0. Thus, only after sufficient equilibration
time will the ratio of venous plasma concentration of
glucose to FDG be in good agreement with the ratios
of the artery or capillary.

The ratio of the venous to arterial FDG plasma
input functions divided by the ratio of the average
venous to arterial plasma glucose concentrations is
berween 0.97 and 1.04 ar 30 to 180 minutes, as
shown in columns 4 and 7 in Table 3 (the value be-
comes slightly greater than 1.0 because the LC for
FDG in the arm is less than 1.0: Phelps, unpublished
data). Thus, venous values of FDG and glucose can
be used without a significant loss in accuracy and pro-
vide a less traumatic method for determining the ce-
rebral capillary plasma concentrations for calculation
of CMRGlc.

We have found, however, that there is significant
individual variability between venous and arterial
concentrations of FDG at the early times. This is
because the time to reach steady state depends to a
large extent upon the blood flow in the arm (i.e., the
slower the arm blood flow, the longer the time re-
quired to reach steady state). Also, when there is low
flow (particularly in older parients) in a peripheral
vein, it is sometimes difficult to draw the necessary
blood samples. To avoid these problems, we now
heat the hand of the subject from which venous
blood samples are drawn. This arterializes the venous
blood, as shown in Figure 10 and Table 4. The high
blood flow rate also improves blood sampling. The
technique allows one essentially to sample arterial
blood without puncturing an artery.
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Compartmental Model

Sokoloff et al [53] extensively described the deriva-
tion and assumptions of their compartment model.
Since our three-compartment model is derived from
Sokoloff’s, their discussion applies equally well to
our model with the exception of our k}-mediated
hydrolysis of FDG-6-PO; to FDG. The assumptions
of the model, error analysis, and optimized experi-
mental design for measurement of CMRGIc have
been performed [23].

The rate constants measured in this work are for
normal brain tissue, and they will vary not only in
abnormal tissue, but also whenever there is a change
in CMRGlc. CMRGIc changes by altering the rate
constants (the rate constants are not universal con-
stants, but constants for a particular steady-state con-
dition of CMRGIc). Thus, our rate constants are
average values for CMRGIlc within a normal range,
and can be used without much error in the calculated
CMRGI¢ with Eq. 23. Error analysis by Huang et al
[23] indicates that the error in CMRGlc by using Eq.
23 and an average set of rate constants is about 10%
for the normal range of CMRGlc when tomography
is performed between 40 and 150 minutes post in-
jection. As pointed out by Sokoloff et al {53], one
must not only use good average estimates of k*s but
must also design the measurement protocol to mini-
mize the effects of variations in the rate constants.
The magnitude of the k*s which determine the dis-
tribution of tracer berween compartments as a func-
tion of time and the rate at which steady state is
reached must be known to optimize the measure-
ment protocol. Initially after injection the terms in-
volving the rate constants are very large, and any
error resulting from use of the average values pro-
duces significant errors in CMRGlc (see Fig ). How-
ever, 40 to 50 minutes after injection, when a
number of half-times of the kinetic processes have
occurred and steady-state conditions are approached,
the sensitivity to the_exact values of the k*s is low-
ered and CMRGIc can be measured with a minimum
error [23].

This type of tracer kinetic model also applies when
labeled natural substrates are employed, such as
(C-14)- or (C-11)glucose.. With the labeled natural
substrate one does not have to account for the dif-
ferences that exist in transport and phosphorylation
berween a labeled analog and glucose (i.e., LC), but
otherwise the modeling approach is the same. The
fact that DG is trapped or sequestered in tissue is the
key factor which allows accurate analytical modeling
and measurement of CMRGlc. The trapping allows
one to wait long enough to reduce the sensitivity to
exact values of the k*s and for free FDG in tissue to
be reduced to a low level. This is difficult, though not
impossible, with labeled glucose [46, 47] because the
labeled breakdown products of glycolysis (COs,

pyruvate, and others) rapidly diffuse out of cerebral
tissue. Moreover, labeled products from glycolysis in
the rest of the body will contaminate the blood activ-
ity (i.e., the input function) and diffuse into cerebral
tissue, contaminating the tissue dara [46].

Labeled natural substrates have an advantage over
DG since LC is unity. However, as discussed by
Sokoloff et al [53], LC consists of ratios of kinetic
constants of DG to glucose (except for one term, ¢,
which is approximately unity [53]); and where differ-
ent cerebral conditions may change the individual
constants, it is likely that the change would occur in
the same direction for both DG and glucose, thereby
reducing the effect. This has been shown [53] to be
true for changes in CMRGIc due to anesthesia and
Pao,-induced changes in cerebral blood flow, but it
must be further investigated.

The value of LC in this work is estimated by as-
suming that the average CMRGIc in our normal
subject population is equal to the average value for
humans in the literature (5.38 mg/min/100 gm). A
direct measurement of LC would probably vield a
more accurate value. LC is a multiplicative constant
in the calculation of CMRGIc, and if better estimates
of LC are determined, the values of CMRGIc can
be adjusted proportionately. The other variables and
procedures are not affected by the uncertainty in LC.

The spatial resolution of PCT does not allow com-
plete delineation of cerebral structures, and there-
fore the k*s and CMRGlc will exhibit some admix-
ture of gray and white marter [22]. This will produce
some underestimation in gray and overestimation in
white matter. The largest effect will be in gray matter
structures because they tend to be smaller. This ef-
fect will also cause some underestimation of LC, but
this is expected to be small because it is calculated
from the average of gray and white CMRGIlc. A
major distortion in k*s, LC, and CMRGlc can occur if
measurements contain significant amounts of random
coincidences, scattered radiation, or errors due to
attenuation correction or calibration. The random
and scatter coincidences are inherently small in the
ECAT [40] and were completely subtracted from the
data. Care was taken to minimize errors from attenu-
ation correction (transmission attenuation correc-
tions were used to check the geometric correction
method [40]) and calibration; these errors are con-
sidered to be very small in this work.

Effects of Disease and Large Variations

in CMRGIc and CBF

The use of this model for measurement of CMRGlc
in cerebral disease requires some discussion. The
ratios of the terms in LC provide a great deal of sta-
bility. However, ¢ may be a weak point of LC in cer-
tain pathological states. The value of ¢ is unity if
all the glucose (not DG) that is phosphorylated is
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subsequently metabolized. However, if significant
amounts are dephosphorylated, then ¢ will be less
than one, LC will increase, and CMRGIc will be
overestimated. There might be partial compensation
for this effect because the tissue FDG would also be
decreased (k§ would increase), but it would be vari-
able with time. A ¢ value less than one is unlikely in
normal and hypermetabolic states, but it could possi-
bly occur in ischemia if the glycolytic rate is reduced
to the point that there is major competition from
dephosphorylation. This needs to be experimentally
determined.

Alcthough the model does not require exact values
of k*s, errors in CMRGlc may significantly increase if
large variations from the normal range are encoun-
tered. While some concern must be expressed for
both very high and very low CMRGlc, the most seri-
ous problems would probably be encountered in
states of low metabolism because they extend from
normal to near zero CMRGlc. In ischemia also, the
time required to reach steady state would be delayed
(producing greater sensitivity to exact k*s), and er-
rors from the use of average rate constants from
normal subjects might produce significant errors in
CMRGIc (underestimation of CMRGlc). The mag-
nitude of this problem can be investigated by using
the tomograph to measure the rate constants in the
different disease states of interest. This would yield
correct values of k*s for the particular srudies and
would provide measured ranges of k*s for disease
states. These ranges could be used both to determine
error bounds from the use of average k*s and 1o for-
mulate average sets of k*s for high, normal, and low
CMRGIc conditions. The appropriate set of k*s
could then be chosen from clinical indications, from
type of study, or from CMRGlIc values determined
with the normal average k*s. In the last approach, the
initial calculation would be used to select the set of
k*s for the high or low range of CMRGIc, and the
darta simply reprocessed.

In the design of any model for measurement of
metabolism, one must be concerned about the effects
of blood flow. Initially, the distribution of FDG is
highly dependent on cerebral blood flow and volume
and the unidirectional transport of FDG into cerebral
- tissue. However, because of trapping of FDG-6-PO,,
one can wait 40 to 50 minutes for a steady state to be
approached in which these factors are usually no
longer significant. At this point the measurements
reflect CMRGlc. Note in Figures 2 and 3 how, at the
early times, the general distribution is somewhat
variable. After about 20 minutes the images show a
consistent distribution.

Conclusion
We have found that our extension of Sokoloff's
model provides reproducible, accurate, and stable

measurements of local CMRGlc. The positron to-
mograph can be used not only for measurement of
CMRGIc in human beings, but also to measure the
kinetic rate constants for FDG and to validate the
model. The studies in Figures 2 through 4 demon-
strate the detail and reproducibility of in vivo mea-
surement of LCMRGlc with positron tomography.

We have combined the physiological model, PCT,
and FDG into a single-system approach which allows
us to measure local CMRGIc in vivo on a routine
basis. This capability is an example of a general ap-
proach which we refer to as physiological tomog-
raphy (PT). While the measurements and calculations
may be involved, the complexities are necessary only
in the initial development of this approach. Once the
rate constants were determined, they and the model
(Eq. 23) were incorporated into the ECAT system
programs. The measurement of CMRGIlc requires
only intravenous injection of FDG, venous blood
sampling, and tomographic imaging. Imaging is
started 40 to 50 minutes after injection, when near
steady-state conditions have been achieved. The
plasma glucose values are determined by the clinical
laboratory, and FDG is counted in a well counter.
The blood data are entered in the tomograph and the
images are converted to units of CMRGlc. Thus, as
seen in Figure 11, shortdy after scanning, local
CMRGIc can be displayed in selected regions of
interest (ROI) on the system display. As the ROl is
used to survey different locations in the image, the
CMRGlg, size, and standard deviation in the region
are updated in real time. This system is set up so that
studies are now routinely carried out by a nuclear
medicine technician.

The ECAT produces a count rate of about 300,000
counts per minute with 1.3 ¢m resolution at the time
of imaging from a 10 mCi injection of FDG. The
counting time to achieve the quality of images in this
paper—800,000 to 2,000,000 counts per image—is
about 2.5 to 6 minutes. If a resolution of 1.7 ¢cm is
used, the imaging times are about 1.2 to 3 minutes.

After inital studies with FDG in normal subjects
(28, 39, 48, 49], the approach described in this paper
was developed and applied to patients with partial
epilepsy [29] and patients with a wide variety of dif-
ferent types of focal and diffuse cerebral ischemia
[29, 30].

PCT constitutes a noninvasive method for em-
ploying tracer methodology for quantitative mea-
surement of cerebral metabolism in living subjects
with higher spatial resolution and accuracy than has
been possible previously. It allows multiple studies in
the same subject and study of time-varying processes .
in the living subject, without the perturbations and
limitations imposed by destructive techniques. The
method allows direct investigation of human disor-
ders and avoids the difficuldies or impossibility (e.g.,
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Eig 11. Region of interest (ROI) extraction of CMRGIr values.
Eq. 23, measured values of k*s, and LC are resident in the
operating system software of the tomograph so that after
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ROL. As ROI is moved around the image, these parameters are
“wpdated in real time.

schizophrenia) of duplicating human disorders in
animals. PT in humans also provides a means of
evaluating both the usefulness and the application of
data from animal models in the characterization of
human disorders.
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